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Abstract:   
The hydrogenation of a crystalline Ni-Fe (80 wt.% Ni, 20 wt.% Fe) powder mixture 
leads to the formation of a mixture of Face Centered Cubic (FCC)-Ni and FCC-Fe phase 
nanocrystals embedded in an amorphous matrix. The magnetic susceptibility of the 
nanostructured powder is 2.1 times higher than that of the as-produced crystalline mixture. 
Heating in the temperature range 420-590 K causes structural relaxation in the hydrogenated 
powder, resulting in an increase of the magnetic susceptibility and a decrease of the electrical 
resistivity. During the heating procedure, the reorientation of magnetic domains in nickel and 
iron takes place in the temperature range 580-650 K and 790-850 K, respectively. In the 
pressed sample from the powder mixture, the crystallization of the amorphous phase of nickel 
and its FCC lattice crystalline grain growth occurs in the temperature range 620-873 K 
causing a decrease in the magnetic susceptibility of the nickel FCC phase and a sudden drop 
in the electrical resistivity. Prolonged heating of the mixed powders at 873K results in the 
formation of a Ni-Fe solid solution with higher magnetic susceptibility than the starting 
mixture.  
Keywords: Nanostructured alloy, FCC phase, Specific electrical resistance, Magnetic 
susceptibility of powder 
 
 
 
 
1. Introduction 
 
Nanostructured nickel-iron alloys exhibit good electrical, magnetic, mechanical and 
corrosion resistance properties. Nickel-iron alloys are known for their good soft magnetic 
properties such as high permeability and low coercivity. Therefore, they are widely used in 
industrial applications such as inductor cores for electromagnets [1-3], magnetic devices [4], 
microwave noise filters [5], magnetic recording heads [6-8], and tunable noise suppressors 
[9]. More recently, these alloys are fabricated by sputtering [10-12] and electrodeposition [2, 
3, 13-23] methods.  
Amorphous and nanostructured alloys are in a metastable state. Annealing at elevated 
temperatures introduces changes in their microstructure, affecting their magnetic and 
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electrical properties [13, 17-20, 22, 24-31]. At temperatures lower than the crystallization 
temperature, structural relaxation takes place in the alloy, while heating to higher 
temperatures cause amorphous phase crystallization and growth of crystalline grains in the 
crystalline phase [13, 17-20, 22, 24-31]. 
The objective of this study was to develop a new method for the fabrication of 
nanostructured alloys relying on the hydrogenation of mixed crystalline nickel-iron powders, 
and examine the electrical and magnetic properties of as-produced alloys and alloys annealed 
at different temperatures.  
 
2. Experimental 
 
Iron (99.999 wt.%) and nickel (99.999 wt.%) powders with an average particle size of 
12 μm and 10 μm, and an average crystallite size of 320 nm and 280 nm, respectively, were 
used in the experiment. The powder mixture Ni-Fe (80 wt.% Ni, 20 wt.% Fe) was prepared by 
mixing in the planetary ball mill at 50 rpm for 10 minutes. The Ni-Fe (80 wt.% Ni, 20 wt.% 
Fe) powder mixture was hydrogenated under hydrogen atmosphere at a pressure of 101.3 kPa 
and a temperature of 313 K. 
Particle size measurements were carried out using a Leica Q 500 C automatic device 
for microstructural analysis.  
The microstructure of the powder was evaluated by X-ray analysis. X-ray diffraction 
(XRD) was recorded with a Philips PW 1710 diffractometer using CuKα radiation (λ = 0.154 
nm) and a graphite monochromator. XRD data were collected with a step mode of 0.03° and a 
collection time of 1.5 s step-1. The X-ray patterns of as produced powder, hydrogenated 
powder and hydrogenated cooled powder after the first heating to 590 K and seventh to 873K 
were recorded.  
Magnetization measurements were performed by means of a modified Faraday 
method based on the action of an inhomogeneous field on the magnetic sample. Magnetic 
force measurements were carried out with a sensitivity of 10-6 N in an argon atmosphere. The 
influence of annealing temperature on the magnetic properties of as produced and 
hydrogenated powder was examined. The heating rate of powder was 20 K min-1 and 
magnetic susceptibility was simultaneously measured. The temperature dependences of 
magnetic susceptibility of as produced powder and a sample of hydrogenated powder during 
heating to 873 K were examined. The second sample of hydrogenated powder was first heated 
to 590 K then cooled to 293 K and again heated to 800 K with the same heating rate. After the 
second cooling to 293 K, the sample was reheated to 850 K. This heating-cooling procedure 
was repeated four times and magnetic susceptibility was recorded simultaneously. Each run, 
the powder was cooled to 293 K and heated to 873 K. During the fourth, fifth and sixth heat 
treatment, upon reaching the maximum temperature of 873 K, the powder was kept at this 
temperature for 15 minutes and cooled thereafter. 
The electrical properties of the powder mixture were investigated using 40 mm x 1.2 
mm x 0.5 mm samples obtained by exposing the powders to a pressure of 120 MPa. Electrical 
resistivity was measured by the four-point method. The measurements were made under 
argon atmosphere. The temperature dependence of electrical resistivity was recorded during 
the heating of hydrogenated powder with the rate of 10 K min-1. 
Differential scanning calorimetry (DSC) thermograms were obtained using a 
Shimadzu DSC-50 system at a heating rate of 20 K min-1 under pure nitrogen flow.  
 
3. Results and discussion 
 
XRD analysis of the as-prepared mixture of 80 wt.% Ni - 20 wt.% Fe (Ni80Fe20) 
powders showed the existence of diffraction peaks of the pure Ni FCC phase for the (111), 
(200), (220) and (311) planes and diffraction peaks of pure Fe for the (110), (200) and (211) 
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planes. The average crystallite size of iron was 320 nm and that of nickel 280 nm. The angle 
positions of the peaks in the diffraction pattern of the hydrogenated powder were the same as 
those of the as-prepared mixture, where the only difference was lower peak intensities and 
greater peak widths at half height. The average nanocrystal size of hydrogenated Fe and 
hydrogenated Ni was 20 nm and 15 nm, respectively.   
 
Fig. 1. XRD pattern of the hydrogenated Ni80Fe20 powder mixture. Vertical lines represent 
positions of Bragg reflections: the first raw of lines corresponds to the position of the peaks 
for the FCC phase of the pure Ni, the second raw of lines to position of the peaks of the pure 
Fe. 
 
Hydrogenation causes the destruction of the crystal lattice and the formation of 
smaller crystal grains with a considerably greater minimal density of chaotically distributed 
dislocations and higher internal microstrains [32-34].  
Fig. 2 shows the temperature dependence of the magnetic susceptibility of the pressed 
samples of as-produced and hydrogenated Ni80Fe20 powders.  
 
Fig. 2. Temperature dependence of the magnetic susceptibility of ○ - as-produced powder, 
and □ – hydrogenated powder. Heating rate 20 K min-1. 
 
As shown in the diagrams, hydrogenation has a large effect on the magnetic 
properties of the powder. At room temperature, the magnetic susceptibility of the pressed 
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hydrogenated powder is twice the magnetic susceptibility of the pressed as-prepared sample.  
Hydrogenation-induced microstructural changes cause alterations in the magnetic 
properties of the powder. The formation of smaller crystalline grains of the nickel and iron 
FCC phases leads to an increase in magnetic susceptibility. Smaller grains facilitate the 
orientation of some magnetic domains and also increase the mobility of walls of the already 
oriented domains [13, 17-20, 22, 24-30]. However, the higher density of chaotically 
distributed dislocations in the hydrogenated powder decreases the mobility of magnetic 
domain walls and hampers the orientation of these domains in the external magnetic field [13, 
17-20, 22, 24-30]. The decrease in the average size of Ni and Fe FCC crystallites is 
considerably more effective in increasing the magnetic susceptibility of the powder compared 
to the effectiveness of increased density of chaotically distributed dislocations in decreasing 
the magnetic susceptibility. Therefore, hydrogenating the powder with a large grain size 
brings an increase in magnetic susceptibility.  
Fig. 2 also shows that heating the powder to 580 K results in increased magnetic 
susceptibility due to structural relaxation. The increase in susceptibility is much higher for the 
hydrogenated powder since during structural relaxation the both phases of powder undergo a 
change to a higher degree of short-range order i.e. a greater decrease in the density of 
chaotically distributed dislocations and internal microstrains. The FCC-phase of hydrogenated 
powder has greater decrease in the density of chaotically distributed dislocations and internal 
microstrains than as produced powder. The abrupt decline in magnetic susceptibility when 
approaching the Curie temperature of nickel, in the temperature range 580-650 K, is the result 
of heat-induced reorientation of the magnetic domains in nickel. In the temperature range 
650-790 K, the magnetic susceptibility slightly increases again due to the short-range 
structural ordering in the iron powder. At temperatures above 790°C, thermal energy allows 
reorientation of the magnetic domains in iron phase.  
 
Fig. 3. Magnetic susceptibility of hydrogenated Ni80Fe20 powder as a function of temperature: 
□ - first heating to 590 K; ○ - second heating to 800 K, and ∆ – third heating to 850 K. 
Heating rate 20 K min-1. 
 
The hydrogenated powder was heated in the external magnetic field to a defined 
temperature, and its magnetic susceptibility was recorded. Thereafter, the powder was cooled 
at 298 K, and reheated to a somewhat higher temperature. Seven heating and cooling runs 
along with magnetic susceptibility recordings were performed. The temperature dependence 
of the magnetic susceptibility during multiple heat treatments of the hydrogenated powder 
mixture is presented in Figs. 3 and 4. Fig. 3. shows that during the heat treatment of the 
powder mixture in the temperature range 298-420 K, the magnetic susceptibility practically 
R. Milinčić et al./Science of Sintering, 48 (2016) 343-351 
___________________________________________________________________________ 
 
347
 
remains unchanged, which indicates that no substantial structural relaxation takes place in this 
temperature range. At temperatures ranging from 420 to 590 K, the magnetic susceptibility 
increases with increasing temperature, reaching its maximum at about 590 K. Upon heating to 
590 K, the powder was cooled and an X-ray pattern was recorded. The X-ray pattern was 
identical to that of the hydrogenated, unannealed powder. This suggests that during heating to 
590 K the powder does not undergo crystallization. The DSC thermogram presented in Fig. 5. 
also indicates that no amorphous phase crystallization takes place in the hydrogenated powder 
mixture during heating to 590 K.  
 
Fig. 4. Magnetic susceptibility of hydrogenated Ni80Fe20 powder as a function of 
temperature:□ - fourth heating to 873 K; ○ - fifth heating to 873 K; ∆ - sixth heating to 873 K,  
And ▽– seventh heating to 873 K. Heating rate 20 K min-1. 
 
In the temperature range between 298 K and 420 K, the electrical resistivity of the 
pressed sample of the hydrogenated Ni80Fe20 powder increases linearly with increasing 
temperature (Fig. 5), indicating that no microstructural changes occur in this temperature 
range. 
At temperatures starting from 420 K, as the temperature increases, electrical 
resistivity exhibits a lower rate of increase and reaches its maximum at 490K, Fig 5.  With a 
further increase in temperature to 590 K, electrical resistivity decreases. This demonstrates 
that structural changes causing an increase in the electron density of states near the Fermi 
level occur in this temperature interval. 
The plots presented in Figs. 3, 4, and 5 show that structural relaxation occurs in the 
powder mixture in the temperature range between 420 and 590°C. 
 
Fig. 5. a – DSC thermogram of Ni80Fe20 powder. Heating rate 10 K min-1. 
b – Temperature dependence of electrical resistivity. Heating rate 10 K min-1. 
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Hydrogenation does not produce an ideal amorphous phase with a completely random 
distribution of spacings between adjacent atoms, but rather a phase with a larger or smaller 
degree of short-range ordering of atoms [29, 30]. Through the effect of thermal energy, during 
structural relaxation, both the amorphous and crystalline phases undergo short-range 
structural ordering. In the FCC phase, the density of chaotically distributed dislocations and 
internal microstrain values are decreased. With the thermal treatment, certain atoms located at 
higher energy levels cross energy barriers and reach lower energy levels. At these lower 
levels, their 3d and 4s orbitals overlap more effectively with the orbitals of neighboring atoms 
with the same symmetry properties, increasing in such a manner the values of the exchange 
integral and the electron density of states at the Fermi level [13, 17-20, 22, 24-30]. Also, the 
mean free path of electrons is increased. Then, the atoms arriving at lower energy levels 
adjoin the energetically most favorable magnetic domains. The lower density of chaotically 
distributed dislocations, upon short-range ordering, facilitates the mobility of magnetic 
domain walls and domain orientation in the external magnetic field [13, 17-20, 22, 24-30]. All 
these changes increase the magnetic susceptibility of the powder.  
The increase in the electron density of states in the conduction band, the increase in 
the mean free path of electrons and the more uniform orientation of dipole moments of some 
nanoparticles induced by the short-range ordering reduce the temperature coefficient of 
electrical resistivity in the temperature range between 420 and 590 K [13, 17-20, 22, 24-31]. 
The magnetic susceptibility obtained during the third heating run in the temperature 
range 298-590 K has lower values than during the second heating run. In the temperature 
range 600-750 K, the electrical resistivity decreases abruptly (Fig. 5). These changes are due 
to the amorphous phase crystallization of the nickel powder. The crystallization of the nickel 
amorphous phase is indicated by the following facts: a) in the temperature range 600-900 K, 
the peak in the thermogram of the hydrogenated pure nickel powder is identical to that in the 
thermogram of the hydrogenated Ni-Fe powder mixture; b) during the third and fourth heating 
runs, magnetic susceptibility does not differ significantly in the temperature range of 650 to 
850 K. This fact occurs since the magnetic properties of the mixture in this range are 
determined only by the iron powder properties. It is since because the temperature of the 
observed range is higher than the Curie temperature of nickel. And c) in the temperature range 
between 298 and 590 K, magnetic susceptibility is lower during the third heating run than 
during the second since the amorphous phase crystallization resulted in the formation of 
larger crystalline grains of nickel which are hampering the orientation of magnetic domains 
and reduce the mobility of their walls.  
The diagrams in Fig. 4. show that: a) in the temperature ranges 298-590 K and 650-
830 K, magnetic susceptibility is highest during the seventh annealing and lowest during the 
fourth annealing. This indicates that annealing at higher temperatures results in the formation 
of a solid solution of iron and nickel with magnetic susceptibility higher than that of pure iron 
and pure nickel. The emergence of wave forms in the temperature range 650-830 K on the 
curves obtained during the fifth, sixth and seventh heating runs suggests the existence of 
magnetic domains in the solid solution of iron and nickel of different thermal stability. This is 
due to the existence of crystals of the solid solution of iron and nickel of different chemical 
composition formed by a relatively slow diffusion of atoms of these metals during annealing.  
The X-ray pattern, recorded after the seventh heat treatment, shows lower peak 
intensities for iron and higher peak intensities for nickel compared to the peaks in the X-ray 
pattern of the as-prepared hydrogenated powder (Fig. 6). This is indicative for the formation 
of a solid solution of iron in nickel during annealing at 873 K. Given that there is no 
significant difference in the atomic radii of iron and nickel, peak maximum positions for the 
solid solution of iron in nickel and for pure nickel are practically identical. The above 
considerations show that the hydrogenation and subsequent annealing of the crystalline Ni-Fe 
powder mixture result in the formation of a nanostructured powder of the solid solution of 
iron in nickel which exhibits good magnetic characteristics.  
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Fig. 6. XRD pattern of the nickel-iron powder mixture Ni80Fe20 recorded after the seventh heat 
treatment. Vertical lines represent angle positions of Bragg reflections: the first raw of lines 
corresponds to the position of the peaks for the FCC phase of the solid solution of Fe in Ni, 
the second line to position of the peaks of the pure Fe. 
 
 
4. Conclusion  
 
The hydrogenation of a crystalline Ni-Fe (80 wt.% Ni, 20 wt.% Fe) powder mixture 
leads to the formation of a mixture of nanocrystalline Fe and Ni powders with crystals of 
average size 10 nm and 15 nm, respectively, embedded in an amorphous matrix. The 
magnetic susceptibility of the hydrogenated nanocrystalline powder is 2.1 times higher than 
that of the as-produced crystalline powder. Heating in the temperature range 420-590 K 
induces structural relaxation in the powders involving short-range structural ordering and a 
decrease in the density of chaotically distributed dislocations and internal microstrain, 
resulting in the increased magnetic susceptibility and decreased electrical resistivity. With the 
thermal treatment, when approaching the Curie temperature of nickel, magnetic domains in 
nickel are reoriented in the temperature range 580-650 K. In iron, structural relaxation takes 
place over the temperature range 650-790 K, and heat-induced magnetic domain reorientation 
occurs in the range 790-850 K. The crystallization of the amorphous phase of nickel and its 
FCC crystalline grain growth takes place in the temperature range 620-873 K, and causes a 
decrease in the magnetic susceptibility of the nickel FCC phase and an abrupt decrease in the 
electrical resistivity of the pressed sample. After prolonged heating at 873 K, a notable 
amount of solid solution Ni-Fe was obtained. This solid solution had higher magnetic 
susceptibility than the starting unannealed mixture.  
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Садржај: Хидрирањем смеше кристалних прахова 80 мас.% Ni и 20 мас.% Fe добијена 
је смеша нанокристала FCC фазе никла и FCC фазе гвожђа смештених у аморфној 
матрици. Наноструктурни прах има 2.1 пута већу магнетну сусцептибилност од 
свеже кристалне смеше. Загревањем у температурној области од 420 до 590 K у 
хидрираном праху се одвија структурна релаксација која узрокује повећање магнетне 
сусцептибилности и смањење електричне отпорности. Дејством топлотне енергије, 
преусмеравање магнетних домена лоцираних у никлу одвија се у температурној 
области од 580 до 680 К, а у гвожђу од 790 до 850 К. Кристализација аморфне фазе 
никла и раст кристала његове FCC фазе, која се одвија у температурној области од 
620 до 873 К узрокује смањење магнетне сусцептибилности FCC фазе никла и нагли 
пад електичне отпорности пресованог узорка смеше прахова. Дужим загревањем 
смеше прахова на 873 К формира се чврст раствор никла и гвожђа који има већу 
магнетну сусцептибилност од полазне смеше.  
Кључне речи: наноструктурна легура, FCC фаза, специфична електрична отпорност, 
магнетна сусцептибилност праха 
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